This paper presents a new method to design (or analyze) subsonic or supersonic axial compressor and turbine stages and their threedimensional velocity diagrams from hub to tip by solving the threedimensional radial-momentum equation. Some previous methods (matrix through-flow based on the streamfunction approach) can not handle locally supersonic flows, and they are computationally intensive when they require the inversion of large matrices. Other previous methods (streamline curvature) require two nested iteration loops to provide a converged solution: an outside iteration loop for the massflow balance; and an inside iteration loop to solve the radial momentum equation at each flow station. The present method is of the streamlinecurvature category. It still requires the iteration loop for the mass-flow balance, but the radial momentum equation at each flow station is solved using a one-pass numerical predictor-corrector technique, thus reducing the computational effort substantially. The method takes into account the axial slope of the streamlines. Main design characteristics such as the mass-flow rate, total properties at component inlet, hubto-tip ratio at component inlet, total enthalpy change for each stage, and the expected efficiency of each streamline at each stage are inputs to the method. Other inputs are the radial position and axial velocity component at one surface of revolution through the axial stages. These can be provided for either the hub, or the mean, or the tip location of the blading. In addition the user specifies the azimuthal deflection of the flow from the axial direction at each radius (or as a function of radius) at each blade row inlet and outlet. By construction the method eliminates radial variations of total enthalpy (work) and entropy at each blade row inlet and outlet. In an alternative formulation enthalpy variations across radial positions at each axial station are included in the analysis. The remaining three-dimensional velocity diagrams from hub to tip, and the radial location of the remaining streamlines, are obtained by solving the momentum equation using a predictor-corrector method. Examples for one turbine and one compressor design are included.
ABSTRACT
This paper presents a new method to design (or analyze) subsonic or supersonic axial compressor and turbine stages and their threedimensional velocity diagrams from hub to tip by solving the threedimensional radial-momentum equation. Some previous methods (matrix through-flow based on the streamfunction approach) can not handle locally supersonic flows, and they are computationally intensive when they require the inversion of large matrices. Other previous methods (streamline curvature) require two nested iteration loops to provide a converged solution: an outside iteration loop for the massflow balance; and an inside iteration loop to solve the radial momentum equation at each flow station. The present method is of the streamlinecurvature category. It still requires the iteration loop for the mass-flow balance, but the radial momentum equation at each flow station is solved using a one-pass numerical predictor-corrector technique, thus reducing the computational effort substantially. The method takes into account the axial slope of the streamlines. Main design characteristics such as the mass-flow rate, total properties at component inlet, hubto-tip ratio at component inlet, total enthalpy change for each stage, and the expected efficiency of each streamline at each stage are inputs to the method. Other inputs are the radial position and axial velocity component at one surface of revolution through the axial stages. These can be provided for either the hub, or the mean, or the tip location of the blading. In addition the user specifies the azimuthal deflection of the flow from the axial direction at each radius (or as a function of radius) at each blade row inlet and outlet. By construction the method eliminates radial variations of total enthalpy (work) and entropy at each blade row inlet and outlet. In an alternative formulation enthalpy variations across radial positions at each axial station are included in the analysis. The remaining three-dimensional velocity diagrams from hub to tip, and the radial location of the remaining streamlines, are obtained by solving the momentum equation using a predictor-corrector method. Examples for one turbine and one compressor design are included.
NOMENCLATURE
A, B, C parameters (eq. 18) used in eq. 17 a, b, n constants in eq. 11
absolute velocity (components with subscripts) specific heat capacity at constant pressure (may be a function of temperature cp = cp(T)) specific heat capacity at constant volume (c, = cp -R) deswirler vane specific enthalpy inlet guide vane hub (h), mean (m) or tip (t) position where inputs are specified along the stages grid counter in n (r) direction maximum grid counter in n (r) direction grid counter in e (x) direction maximum grid counter in (x) direction stage identifier length in axial direction Mach number mass-flow rate pressure gas constant (= universal gas constant / molecular weight) radial direction reaction entropy temperature specific internal energy tangential rotor velocity internal energy specific volume relative velocity cz, symbol for cz in radial equilibrium equations axial direction azimuthal deflection of absolute flow from the axial direction (see fig. 1 ) ratio of specific heats (7 a-c,/co = (T)) pressure drop in the stator of each stage total-to-total polytropic efficiency (per stage) (r) direction in computational space hub-tip diameter (or radius) ratio (x) direction in computational space density radial deflection of streamline from the axial direction (see fig. 1 
INTRODUCTION
The design of turbomachines is usually constrained by considerations of limited Mach numbers, and by efforts to minimize the number of stages, or to maximize the work per stage, while maintaining high efficiencies. In many applications some of the stages have low hubto-tip ratios, so that there is a large variation of rotor speed with radius, and in others some or all of the streamlines have a substantial slope with respect to the axial direction. Although the flow is threedimensional and unsteady, initial designs and analyses are based on assumptions of steady quasi-three-dimensional axisymmetric flow in a series of meridional planes (through-flow analysis in the axial-radial direction). These analyses are based on the approach of Wu (1952) . Blade shapes are then designed by quasi-three-dimensional analyses in a series of meridional-tangential planes. The performance of the cascades in steady flow is then analysed by viscous and inviscid methods. In recent years inviscid and Navier-Stokes solutions of two-dimensional and three-dimensional unsteady flows in stator-rotor interactions have also been obtained (for example, Rai, 1989; Giles and Haimes, 1991; Korakianitis, 1993) .
In the preliminary design of axial-flow turbomachines there is considerable freedom to choose the variation of axial velocity and of tangential velocity with radius at any one inter-blade plane. The tangential component of velocity establishes a radial pressure gradient. The axial component of velocity can be chosen so that the flow has no radial variation in total enthalpy and pressure, a condition called radial equilibrium (Wilson, 1984 (Wilson, , 1987 . The velocity diagrams at mean radius and/or at other radii are chosen based on good choices of reaction, work coefficient and flow coefficient (Wilson, 1984) . These choices are made based on design limits of: outlet-to-inlet velocity ratio (de Haller ratio) in diffusing blade rows; rotor peripheral velocities; Mach number and tangential blade loading at the tips; and Mach number and work coefficient at the hubs.
Three-dimensional Navier-Stokes solution algorithms can be used to analyze cascade flows after their geometries have been obtained. Alternatively, after the annulus and blade geometries have been defined, circumferential non-uniformities in flow can also be analyzed (for example, Jennions and Stow, 1986; Adamczyk et al, 1990) . However, the annulus passages must be obtained with through-flow analyses, and the blade shapes must be designed, before these methods can be used. Many contemporary preliminary-design systems must start from a through-flow analysis, which treats the flow as a sequence of two-dimensional calculations on meridional planes through the components (Denton, 1978; Dring and Joslyn, 1986; Wilson, 1987) . The basic assumption of all these methods is that the flow is axisymmetric. Flow solutions are obtained along streamsurfaces of revolution by writing the flow equations along lines orthogonal to the streamsurfaces. The axial-radial variation of properties can be described by the streamfunction approach, which leads to the matrix through-flow method (Marsh, 1968) . This method is not easily used for locally supersonic designs because the solution is not unique. Alternatively, the axial-radial variation of properties is governed by the radial-equilibrium equations (streamline formulation; Wu and Wolfsenstein, 1950; Smith, 1966; Novak, 1967; Denton, 1978) . Some of the streamline formulations lead to a singularity around M=1 (Novak, 1967) , and others do not (Denton, 1978) . Previous streamline methods require two nested iteration loops to provide a converged solution: an outside iteration loop for the mass-flow balance; and an inside iteration loop to solve the radial momentum equation at each flow station.
The purpose of this paper is to present a new method to calculate three-dimensional velocity diagrams from hub to tip for axialcompressor and axial-turbine stage design. It is a through-flow streamline method (different from the simple radial equilibrium design methods presented by Wilson (1984 Wilson ( , 1987 and Horlock (1966) , which apply to one flow station and neglect radial components of the flow). The present design method solves the three-dimensional radial momentum equation while manipulating the annulus area at each flow station until a desirable velocity diagram is obtained. The method still requires the iteration loop for the mass-flow balance, but the radial momentum equation at each flow station is solved using a one-pass numerical predictor-corrector technique, thus reducing the computational effort substantially. The method can be used for subsonic or supersonic designs. The flow is considered at a series of axial stations located between blade rows. The energy, momentum and continuity equations are coupled with the radial-equilibrium conditions to provide a differential equation for the axial component of velocity. The method is used to obtain (design) the velocity diagrams and the location of streamlines (as well as the three-dimensional description of the annulus) at each axial station from hub to tip using typical guidelines for the tangential component of velocity. Assumptions are made for the total pressure drop due to friction of each streamline in the stators, and for the totalto-total polytropic efficiency of each streamline of each stage. These latter models can be easily enhanced with other existing models for such losses published in the open literature (for example such models have been described by Jansen and Moffatt, 1967; and by Wilson, 1984, 1987) . The method for the solution of the radial momentum equations can also be used for analyses studies (in which the area is already given) provided that the solution does not approach a choked condition. (For choked analyses the simple modification suggested by Denton (1978) can be used in the present method).
BACKGROUND
Three velocity-diagram parameters are required in order to specify stage velocities: flow coefficient cb, defined as the ratio of the local axial velocity to the tangential velocity of the rotor at that radius; work coefficient 1,G, defined as the total enthalpy drop in the stage divided by the square of the tangential velocity of the rotor at that radius; and reaction Rn, defined as the ratio of the change in static enthalpy to the total enthalpy of the flow passing through the rotor. In general at any flow station between blade rows the absolute (and relative) velocities have axial c" tangential co and radial c,. components of velocity as shown in figure 1. "Simple" velocity diagrams are defined as simplified diagrams in which the flow is assumed adiabatic, twodimensional (c,. = 0), radial changes in streamline location through the stage are neglected, and the axial component of velocity through the stage is assumed constant. With these assumptions the above definitions reduce to (Wilson, 1984) : These definitions acquire useful and simple pictorial representations in "simple" velocity diagrams, as shown in figure 2. With the notation of the "repeating" diagrams of figure 2 the rotor inlet (and stator outlet) plane is denoted by subscript 1, and the rotor outlet (and stator inlet) plane is denoted by subscript 2. Repeating means that the velocity at stage inlet equals the velocity at stage outlet (and at the inlet to the next stage). If the diagram is non-dimensionalized with respect to the rotor velocity U (tip rotor velocities are design constraints), then the flow coefficient 0 is the height of the stator and rotor velocity triangles, the work coefficient 0 is the distance AB between the apices of the stator and rotor velocity triangles, and reaction Rn is the distance OD along U where the bisector CD of line AB cuts the U vector. In three-dimensional velocity triangles with c,. 0 the value of 0 and U are different at each inter-blade plane, and the diagrams are not repeating.
The choice of suitable velocity diagrams is complex, and affected by many different performance and operation considerations. Typically 0 is about 0.6 (Wilson, 1984) . The work coefficient is -0.5 < 4, < -0.3 for compressor stages and 1.0 < 4, < 2.0 for turbine stages (Wilson, 1984) . Compressor diagrams with higher work coefficients tend to demand high diffusion (high de Haller ratios ci/c2 in the stators and w2/wi in the rotors), so that the flow may separate. Figure 3 (from Wilson, 1984) shows the minimum values of 086 for various combinations of Ozz and Rnzi in order to maintain acceptable diffusion (wz/wi > 0.7 and ci/c2 > 0.7) in compressor rotors and stators. Symmetric diagrams with Rn 0.5 split the deviation equally between rotors and stators and tend to have higher efficiencies. Figure 2 shows two simple repeating velocity diagrams: a 50%-reaction compressor diagram with 0,z = 0.6 and 0,6 = -0.3; and a 50%-reaction turbine diagram with cbsi = 0.5 and 0si = 1.2. Both of these are relatively low work conservative velocity diagrams for high-efficiency stages suitable for industrial applications. These are the "starting" velocity diagrams for the two sample cases included below. Inlet guide vanes (IGVs) are required in 50% reaction compressors to turn the flow from the axial c. direction to the direction of w1 required at the first rotor inlet (absolute flow along c1). Swirling flows are deleterious for diffuser per- formance, and tangential components of velocity ce do not contribute to static pressure rise. One or more blade rows of deswirler vanes (DV) are frequently used after the last stage to turn the flow to the axial direction. High-reaction compressor stages can be used in single-stage rotor-stator fan designs to eliminate the need for deswirler vanes. Although high-reaction high-stagger compressor stages may have lower design-point efficiencies, they tend to have more-forgiving stall characteristics than 50% reaction diagrams, thus increasing off-design efficiencies and range of operation (Wilson, 1984; Korakianitis and Beier, 1992) . Zero reaction (impulse) turbines have special applications such as partial admission turbines (reduced leakage since most of the pressure drop is in the stator). Zero-reaction turbine diagrams with high hub-tip diameter ratio and tk = 2.0 produce relatively high work and axial flow in and out of the stage, thus reducing the need for deswirler vanes.
3D RADIAL-EQUILIBRIUM EQUATION
In the following the radial-equilibrium equation is derived assuming that the radial components of velocity do not contribute to friction. The resultant equation is coupled numerically with the enthalpy rise per streamline in each stage. The performance of each stage is analyzed by assuming models for the total pressure drops in stators, and total-tototal polytropic efficiencies for each stage. These losses can be applied in each individual streamline, accounting for losses as a function of geometry, using various models published in the open literature.
The inviscid momentum equation in the r direction (Bird, Stewart and Lightfoot, 1960 where X = X(r, x) is the unknown crstribution of axial velocity through the radii (ri along non-dimensional lengths t7) and across the axial stages (x1 along non-dimensional lengths C). Sometimes radial variations of total enthalpy (total temperature) are eliminated to design constant-work stages. In the following expressions the terms corresponding to ahola, are kept in double square brackets. These terms can be set equal to zero in the formulation to design constant-work stages, but they can also take non-zero values to design radial variations in work.
NUMERICAL SOLUTION OF EQUATION 10
Equation 10 For example for simple radial equilibrium (neglecting the effects of streamline slope) Wilson (1984 Wilson ( , 1987 
where a, b and n are constants. The value of n is usually -0.2 > n > -1.0 (Wilson, 1987) . Given the value of n, the resulting values of a and b are evaluated from the one specified azimuthal (two-dimensional, corresponding to "simple") velocity diagram at each flow station. (The radii and axial and radial components of velocity at one streamsurface, either the hub, or the mean, or the tip, through the component are inputs to the design method. These specify C61, C92 and r at one radius at each station. Given n, equations 11 are used to evaluate a and b). The values of a and b vary, depending on the types of specified velocity diagrams and on the chosen value of n. A wide variety of velocity profiles can be obtained with these relationships; some examples are included in (Wilson, 1984 (Wilson, , 1987 and Horlock, 1966) .
These initial co distributions can be used to evaluate initial a(r,x) distributions. These can later be manipulated in order to obtain smooth and reasonable hub and tip (and therefore also smooth intermediate) streamlines. The hub, mean and tip radii rh(x), r(x) and rt(z) (and therefore the resulting streamline angles p(r, x)) are iteratively evaluated to satisfy continuity as explained in the following sections. In the following it is assumed that the user has specified the mean location of the radii and the corresponding velocities cz",(x) through the stages, so that r","(x) and ci,h(x) are user specified inputs, while cz(r,x), rh(x) and rt(z) are outputs. The procedure is similar: when rh(z) and czh (x) . are inputs, while r,h(x), rt(x) and cz(r,x) are outputs; and when rt(x) and czt(x) are inputs, while r,h(x), rh(x) and cz(r, x) are outputs. 
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X1+1,i = Using the last two equations the distribution of axial velocity from hub through tip along the radial direction is obtained. The existence of j -1 and j +1 in the predictor-corrector numerical scheme requires the addition of two imaginary flow stations, one before the first blade row inlet and one after the last blade row outlet. The values at these imaginary flow stations are set equal to those at the immediatelyadjacent real stations in the interior of the solution. The last terms on the right side (shown in the double square brackets) in equations 16, 17, 19 and 20 are set equal to zero for constant-work stages. 
[ [(rt -ahrh0)ati] where the parameters A, B and C are given by
Equation 17 can be solved numerically by MacCormack's explicit predictor-corrector method (Anderson, Tannehill and Pletcher, 1984) . The (forward-finite-difference in i and j) predictor (for step is depends, among other geometric parameters, on the deflection of the flow between inlet and outlet. Thus the designer would like to control flow deflection from hub to tip at each blade row. In the present method the user specifies a =-a(r, x) (see figure 1), the azimuthal deflection of the flow from the axial direction at each radius and at each blade row inlet and outlet. The distribution of streamline slope p = y(r, x) from hub to tip and across the stages is obtained by solving equations 10 and 17, while iteratively varying the hub-to-tip ratio of each stage until the mass flow rate in each flow station is equal to the mass-flow rate at the component inlet.
The solution starts from an initial guess for hub and tip radii and streamline positions (obtained from a mean-radius initial analysis by the designer). The initial guess for streamline slopes p = p(r,x) across the stages and radii is obtained from the initial positions of the radii. The design procedure outlined below is rather flexible, so that these initial values may be approximate estimates. Using the initial guess for p(r, x) equations 10 and 17 are solved at all radii and the mass flow at each flow station is integrated. If the resultant mass flow rate is lower (or higher) than the user-specified input mass flow rate, then re -rh (and thus the flow area) is increased (or decreased), new p(r, x) are evaluated, and the procedure is repeated until convergence is obtained. (21) (The final converged solution is obtained with equal mass-flow rate through each streamtube). The user can specify the axial variation of either the mean, or the tip, or the hub diameter (and the corresponding axial velocity at the same location). This, coupled with the input of a(r, z) at all stations and radii, enables the user to control Mach number and loading in critical regions (such as compressor first-stage rotor-tip relative Mach number, and hub loading). The user can either specify a constant (hub or mean or tip) diameter, or input an increase or decrease of these diameters across the stages.
If the user specifies the mean diameter, then the program increases and decreases the tip diameter to match the mass flow rate, and the hub diameter is an output from equation 21. If the user specifies the tip (or hub) diameter, then the program increases and decreases the hub (or tip) diameter to match the mass flow rate. The polytropic efficiency of each streamline at each stage e(i,k) can either be an input, or it can be predicted as a function of other stage parameters using existing models in the open literature (for example Jansen and Moffatt, 1967; Wilson, 1984 Wilson, , 1987 .
The step by step solution procedure is illustrated in the flow diagram shown in figure 4.
Step 1: From the total conditions at the inlet calculate the static temperature, pressure and density at the inlet and at the specified radius position I.
Calculate the total temperatures and pressures for all stator and rotor rows (starting from the specified radius I). In the constant-work stages (the last terms on the right side shown in double square brackets in equations 16, 17, 19 and 20 are set equal to zero), there are no variations in total temperature and total enthalpy (work) from hub to tip. The designer can impose radial total enthalpy gradients if it is so desired. In both constant work and non constant work stages the total-to-total polytropic efficiency of each streamline, c(i, k), depends on the velocity diagram and the expected blade geometry at that radius. Therefore in all cases there will be radial variations of total-to-total polytropic efficiency and of total pressure.
for compressor rotor rows o). .+11cP/ = (P0)" [ (T (To)1,,(for turbine rotor rows)
where the ± sign depends on whether the component is a compressor or a turbine. Calculate the tip-radius, mean-radius and hub-radius at the inlet using equation 21 and the definition of hub-to-tip ratio A rt/thEvaluate an initial guess of radii for all stator and rotor rows for radial positions other than I. These will be increased or decreased below to match the input mass flow rate.
Step 2: Estimate the streamline positions (first guess) by assuming equal areas.
.\,/ r? = 11,5_1 + n -1
Step 3: Obtain the corresponding streamline angles (radial streamline deflections from the axial direction) using
dx Update the stage total-to-total polytropic efficiencies c(i, k) (based on the current velocity diagrams and their radial positions).
Step 4: Solve the radial momentum equations 10 and 17 for (cz),,,, and then obtain (co)l,5 and (c,.)i,i from (cz)id using the values of cx,,j and mid. Note that this is a one-pass solution (one prediction immediately followed by one correction pass) through the numerical scheme.
Step 5: Re-evaluate new streamline positions specifying equal massflow rates through each streamtube.
Step 6: Compare the new streamline positions with the old streamline positions. If they are within a specified tolerance, then go to the next step. Otherwise go to step 3.
From inputs estimate initial radii, and total and static 1) properties at all stations properties at all (i,j)
Adjust radii Step 7: Calculate static temperatures and pressures for all stator and rotor rows.
0.0
Step 8: Calculate the mass-flow rate integrating in the radial direction where the second equation is easier to program for constant-work stages, but it is not valid for stages with radial variations in total temperature. Check the mass flow rate. If it is equal to the input mass flow rate stop. Otherwise adjust the radii at positions other than the specified ones (7-1,j), and go to step 2. 
SAMPLE DESIGNS
The above analysis has been used for the preliminary design of a four-stage 50%-reaction compressor with constant tip diameter, and of a four-stage 50%-reaction turbine with constant mean diameter. In both cases we used the constant-work stage formulation. These examples are intended for illustration purposes only, and they do not represent final designs. The mean line work coefficients were about -0.3 for the compressor and about 1.0 for the turbine, and in both cases the mean-line reactions were about 0.50 (50%). The compressor has an initial inlet guide vane to turn the flow from the axial direction to ci, followed by four rotor-stator combinations, followed by a set of deswirler vanes to turn the flow after the fourth stator from c1 to the axial direction c. with c9 = 0. The turbine has four stator-rotor combinations, followed by a set of deswirler vanes to turn the flow after the fourth rotor from c2 to the axial direction cz with co = 0. Other specifications for the turbine were as follows: The analysis was performed for 21 streamlines over 10 flow stations; total conditions of 1000 K and 600 kPa at inlet; working fluid with R= 287 J1kgIK and 7 = 1.34; total pressure drop of 2% through each stator row; total-to-total polytropic efficiency of 90% for each stage; Representative input and output for the two components is included in figures 5 and 6, and in tables 1 and 2. The compressor rotates at 12,500 rpm resulting in a tip rotor velocity of 391 m/s. The turbine rotates at 15,000 rpm resulting in a tip rotor velocity of 420 m/s (at the maximum radius of the last rotor tip). The initial specifications for a(r, x) were made using the Carmichael-Lewis relationships with n = -0.4. After initial outputs were obtained, the input a(r, x) were changed from those suggested by equations 11 by small amounts and smoothly from hub to tip until acceptable (to us) velocity diagrams were obtained. Different design philosophies will lead to different decisions on what constitute acceptable velocity diagrams. For the purposes of this paper "acceptable velocity diagrams" means acceptable combinations of Rn, 4, and tk from hub to tip, de Haller ratios greater than 0.71, and subsonic Mach numbers, as illustrated by the output in figures 5 and 6 and in tables 1 and 2. For example table 1 indicates that the values of (IS are safely over the minimum limits for acceptable de Haller ratios suggested in figure 3 . The inlet velocity to the compressor IGV was reduced, and the enthalpy rise of the first stage was reduced, in order to obtain a smooth variation of the hub radii near the inlet. All absolute and relative Mach numbers are subsonic. Reactions are increasing towards the tip and decreasing towards the hub, particularly near the compressor inlet and turbine outlet. The design method can be used for subsonic or supersonic designs. (Two or three iterations before the last one, the input a(r, x) were such that the absolute Mach numbers were just above 1 at the compressor inlet hub region, and the relative Mach numbers were just above 1 at the first rotor tip). 
CONCLUSIONS
A new method to design (or analyze) subsonic or supersonic axial compressor and turbine stages and their three-dimensional velocity diagrams from hub to tip by solving the three-dimensional radialmomentum equation is presented. The method is based on the streamline through-flow approach. Previous streamline curvature methods require two nested iteration loops to provide a converged solution: an outside iteration loop for the mass-flow balance; and an inside iteration loop to solve the radial momentum equation at each flow station. The present method still requires the iteration loop for the mass-flow balance, but the radial momentum equation at each flow station is solved using a one-pass numerical predictor-corrector technique, thus reducing the computational effort. By construction the method eliminates radial variations of entropy at each blade row inlet and outlet. If desired, it can also be used to design constant work stages by eliminating radial variations of total enthalpy (work) at each blade row inlet and outlet. The inputs to the calculation are: working-fluid properties; the inlet hub and tip radii; the axial component of velocity and corresponding radius at one surface of revolution through the component (hub, mean or tip diameter); the axial location of each inter-blade plane; the azimuthal deflection of flow at each axial-radial position as a function of radius; total pressure losses at each streamline through each stator; and stage efficiencies at each streamline through each stage. The outputs from the method are the axial components of velocity cz (r, x) and the slope of the streamlines p(r, x) at all inter-blade planes and radii. The method can be used to design three-dimensional velocity diagrams for compressors and turbines. The computations have been programmed in non-dimensional coordinates and implemented in a computer program. One compressor and one turbine example have been included for illustration.
